Xu B, Zheng H, Liu X, Patel KP. Activation of afferent renal nerves modulates RVLM-projecting PVN neurons. denervation for the treatment of hypertension has proven to be successful; however, the underlying mechanism/s are not entirely clear. To determine if preautonomic neurons in the paraventricular nucleus (PVN) respond to afferent renal nerve (ARN) stimulation, extracellular single-unit recording was used to investigate the contribution of the rostral ventrolateral medulla (RVLM)-projecting PVN (PVN-RVLM) neurons to the response elicited during stimulation of ARN. In 109 spontaneously active neurons recorded in the PVN of anesthetized rats, 25 units were antidromically activated from the RVLM. Among these PVN-RVLM neurons, 84% (21/25) were activated by ARN stimulation. The baseline discharge rate was significantly higher in these neurons than those PVN-RVLM neurons not activated by ARN stimulation (16%, 4/25). The responsiveness of these neurons to baroreflex activation induced by phenylephrine and activation of cardiac sympathetic afferent reflex (CSAR) was also examined. Almost all of the PVN neurons that responded to ARN stimulation were sensitive to baroreflex (95%) and CSAR (100%). The discharge characteristics for nonevoked neurons (not activated by RVLM antidromic stimulation) showed that 23% of these PVN neurons responded to ARN stimulation. All the PVN neurons that responded to ARN stimulation were activated by N-methyl-D-aspartate, and these responses were attenuated by the glutamate receptor blocker AP5. These experiments demonstrated that sensory information originating in the kidney is integrated at the level of preautonomic neurons within the PVN, providing a novel mechanistic insight for use of renal denervation in the modulation of sympathetic outflow in disease states such as hypertension and heart failure. sympathetic activity; cardiovascular; paraventricular nucleus; afferent renal nerves
THE SYMPATHETIC NERVOUS SYSTEM has been identified as a major contributor to the complex pathophysiology of hypertension and heart failure both in experimental models and in patients with these diseases (24, 37) . Ablation of the renal sympathetic nerves remains an attractive therapeutic approach in hypertension and heart failure (29 -31, 49). It has been suggested that renal afferent nerve input may be important in the establishment and maintenance of certain forms of experimental hypertension (25) . However, the underlying mechanism for this effect is not entirely clear.
The kidneys have a dense afferent sensory and efferent sympathetic innervation and are thereby strategically positioned to be the origin as well as target of sympathetic nervous system activation (48). Renal afferent nerve signals are centrally integrated, and their activation results in an increase in sympathetic tone, which is not only directed toward the kid-neys, thereby inducing increased sodium retention and renin secretion, but also toward other organs that have a dense sympathetic innervation resulting in an increase in sympathetic outflow to cause a rise in blood pressure (25, 36, 2, 40, 47) . It is well known that the mammalian kidney contains several distinct classes of sensory receptors: mechanoreceptors sensitive to changes in renal arterial, venous, or ureteral pressure and chemoreceptors (46). These receptors transmit information to the central nervous system via the afferent renal nerves (ARN).
The paraventricular nucleus (PVN) of the hypothalamus is an important site that integrates and responds to a variety of neural and humoral signals regulating sympathetic drive and extracellular fluid volume (42). Previous studies demonstrated that the discharge frequency of putative vasopressinergic magnocellular neurosecretory neurons in the PVN is increased during stimulation of ARN (11) and during the activation of specific renal receptors. Taken together these observations suggest that afferent information from the kidney is important in the coordination of neural and hormonal activity concerned with body fluid balance and the regulation of arterial blood pressure (28, 37 ). In addition, neurons containing Fos-like immunoreactivity after ARN stimulation were found in the PVN, indicating that the PVN neurons were activated by ARN stimulation (50). The PVN includes neuroendocrine-related functional neurons that project to the median eminence, posterior pituitary and preautonomic neurons that send long descending projections to the brainstem and spinal cord regions that are important in dictating autonomic outflow (3, 52). There are a number of PVN neurons that project to the rostral ventrolateral medulla (RVLM), which have been shown to temporally correlate with renal sympathetic nerve activity (RSNA), suggesting that they contribute to sympathetic activation (10). Thus the present study focused on RVLM-projecting PVN (PVN-RVLM) neurons.
In this respect it is of interest to understand if preautonomic neurons in the PVN respond to ARN stimulation and how the PVN integrates signals from the ARN, baroreceptors, and cardiac afferent nerves to influence sympathetic tone.
In the present study, extracellular single-unit recording was used to investigate the effect of ARN stimulation on firing of PVN-RVLM neurons. In addition, the responses of these PVN-RVLM neurons to baroreflex and cardiac sympathetic afferent reflex were also examined. Finally, the responsiveness of these neurons to endogenous glutamate was tested.
METHODS

Male Sprague-Dawley rats weighing between 250 and 300 g were obtained from SASCO Breeding Laboratories (Omaha, NE). This study was approved by the Institutional Animal Care and Use Committee of the University of Nebraska and was carried out under the guidelines of the American Physiological Society and the National
Institutes of Health Guide for the Care and Use of Laboratory Animals.
General procedures. Each rat was anesthetized by injection of urethane (0.75-1.5 g/kg ip) and ␣-chloralose (70 -140 mg/kg ip). Adequate depth of anesthesia was assessed by the absence of corneal reflexes and paw withdrawal response to a noxious pinch. Supplemental doses of anesthesia were administered to maintain an adequate depth of anesthesia during the experiment. The right femoral artery and femoral vein were cannulated for the recording of arterial blood pressure and administration of chemicals, respectively. The mean arterial pressure and heart rate were simultaneously recorded on a PowerLab data acquisition system (8SP; ADInstruments, Colorado Springs, CO). Body temperature was maintained at ϳ37°C with an animal temperature controller [ATC 1000; World Precision Instruments (WPI), Sarasota, FL].
Extracellular single-unit recording in vivo. Rats were placed in a stereotaxic apparatus (model 620; Stoelting, Chicago, IL). The stereotaxic coordinates for the PVN were determined according to Paxinos and Watson's atlas (41). Typically, three tracks were explored for extracellular recording in each rat, from Ϫ1.4 to Ϫ2.1 mm caudal to bregma, at 0.4 mm lateral (right side) to the midline, and with a depth of 7.4 -8.6 mm ventral to the dorsal surface. Extracellular single-unit recording was carried out using a single micropipette (resistance: 5-15 M⍀) filled with 0.5 M sodium acetate containing 2% pontamine sky blue. The glass micropipettes were advanced using a microdrive controller (type 860; Hugo Sachs Elektronik) into the PVN. The spontaneous activity of neurons was amplified (gain: 1,000) with an AC/DC differential amplifier (model IX1; Dagan, Minneapolis, MN) with a low-frequency cut-off at 30 Hz and a high-frequency cut-off at 3 kHz. The neuronal discharge was recorded on a PowerLab data acquisition system (8/30; ADInstruments). The frequency of the neuronal discharge was analyzed with special software (SpikeHistogram; ADInstruments).
Identification of RVLM-PVN neurons. Antidromic stimulation was used to identify RVLM-PVN neurons in vivo. The RVLM (Ϫ12.5 mm caudal to the bregma, 2.1 mm left of the midline, and 9.2 mm ventral to the surface of cerebellum) was functionally identified by a 15-to 20-mmHg blood pressure response to microinjection of NMDA (100 pmol in 50 nl) during a 10-s period (33). Subsequently, a concentric bipolar electrode (500-m outer diameter, tip tapered at 60°; WPI) was placed at the same location in the RVLM to allow for antidromic stimulation (model A310; WPI). RVLM stimulation was ipsilateral to PVN recording.
When a spontaneously active neuron was recorded, standard tests were performed to ensure its antidromic nature (34). First, we examined if the neurons responded to RVLM stimulation (pulse width: 3-10 ms; current intensity: 0.1-1 mA; stimulation frequency: 0.5 Hz) with consistent onset latency spikes at a discrete stimulus threshold. Second, we examined if the neurons responded to each pulse in a high-frequency 300-Hz stimulus train. The collision test was performed to examine whether the stimulus-evoked spikes could be canceled by spontaneous action potentials. A window discriminator (model 74-60-1C; WPI) and oscilloscope (model OS-5100RA; LG) were used to discriminate the PVN spontaneous action potentials, and the signal was translated to TTL pulse as a trigger with an adjustable latency to evoke the RVLM stimulation. In a few cases RVLM stimulus intensity was increased gradually above threshold to determine if a discontinuous decrease (Ͼ2 ms) in the antidromic onset latency could be detected. Such antidromic latency "jumps" were interpreted to indicate the presence of a terminal arborization in the vicinity of the RVLM stimulating electrode as described in our previous study (53). At the end of the experiment, the stimulation sites in the RVLM were marked by passing 1 mA of anodal direct current for 20 s.
Stimulation of ARN. To stimulate ARN, the left kidney was exposed through a left retroperitoneal flank incision. A branch of the renal nerve was isolated through a retroperitoneal incision while it was under an operating microscope. The distal end of the nerve was ligated, and the nerve was placed on a bipolar platinum electrode. The
nerve-electrode junction was insulated electrically from the surrounding tissues with gel (Wacker, St. Louis, MO). The stimulus to ARN consisted of brief trains of stimuli (3-5 pulses at 200 Hz, 2-to 3-ms pulse durations) applied once every 2 s. In a subset of experiments, a low-frequency stimuli (20 Hz) was used to stimulate ARN. The current intensity was one to five times the threshold current (50 -200
A) required to elicit an increase in mean arterial pressure of ϳ10 mmHg using a 15-s train of pulses at 40 Hz and 0.5-ms pulse duration (7, 19) . To exclude the possibility that any effect observed during the stimulation of ARN was due to current spread, in some experiments a second stimulating electrode was firmly attached to an adjacent structure. Onset latency of response to the stimulation of ARN was determined as the time interval from the stimulus artifact to a 30% change with respect to control in discharge frequency on peristimulus time histograms. This criterion was based on previous studies (6, 7, 8, 11).
Cardiac sympathetic afferent reflex induced by epicardial application of chemicals. A limited left lateral thoracotomy was performed to expose the heart, and the pericardium was removed. The cardiac afferents were activated by application of a piece of filter paper (3 ϫ 3 mm) containing capsaicin (Cap; 1.0 nmol in 2.0 l) or bradykinin (BK; 0.3 nmol in 2.0 l) to the epicardial surface of anterior wall of the left ventricle. Each piece of paper was removed 1 min later, and the epicardium was rinsed with 10 ml of warm normal saline (38°C) three times. Successive applications of chemicals were separated by at least 15 min.
Baroreflex activation. Baroreceptor challenges were induced by intravenous injection of phenylephrine (PE; 5-25 g/kg) or sodium nitroprusside (SNP; 4 -20 g/kg) to increase or decrease arterial blood pressure, respectively.
Iontophoretic injection with extracellular unit recording in vivo. To combine PVN single-unit recording with iontophoretic injection, multibarrel glass micropipettes (3 barrels) were used. Single micropipettes were pulled for recording. Two ejection pipettes were pulled (Multi-pipette Puller PMP-107; MicroData Instruments, South Plainfield, NJ) from thick-walled glass capillary tubing with a calibrated narrow inner diameter (outer diameter ϭ 1.0 mm, thick wall ϭ 0.5 mm; Micropipette Glass 50610; Stoelting), which was redefined to a final outer diameter of ϳ30 m (Microprocessor-controlled Microforge DMF1000; WPI). The recording and ejection pipettes were then assembled in a specially designed electrode holder (HMD-2; Narishige) to permit the tips and as long a part of the tapering ends as possible to touch one another (1). The tip of the recording pipette was advanced 30 m beyond the ejection tip. The iontophoretic system was a Neurophore Model BH-2 control unit (WPI). The current used was Ϫ50 to Ϫ100 nA for the NMDA pipette and Ϫ100 to Ϫ200 nA for the AP5 pipette. These parameters for iontophoretic injection were based on the studies from others (56).
Histology of recording sites within the PVN. At the end of the experiment, pontamine sky blue was iontophoresed (Ϫ15 A, 10 min) to mark the site of the last recorded neuron, and other recording sites were extrapolated from the marked point according to Paxinos and Watson's atlas (41). Then, the rat was euthanized with an overdose of anesthesia. The rat brains were then removed, frozen, and sectioned. The dye spots for recording sites in the PVN and the sites of electrolytic lesion in the RVLM were identified with a light microscope. Rats whose recording sites were within the boundaries of the PVN were used for data analysis. The location of the center of the dye spot was transferred to a histological map based on the rat atlas Paxinos and Watson's atlas (41).
Statistical analysis. Data are presented as means Ϯ SE. Differences between groups were determined by a two-way ANOVA followed by the Newman-Keuls test for post hoc analysis of significance (Stat-View II, Berkeley, CA). P Ͻ 0.05 was considered statistically significant.
RESULTS
In 109 spontaneously active neurons recorded in the PVN, 25 units were antidromically activated from the RVLM in 32 rats. Figure 1 , A-C, shows one neuron that had antidromic spikes evoked by stimulation of the RVLM with constant latency (31 ms), and the antidromic spike was canceled when the interval between the spontaneous action potential and the stimulation was reduced to Ͻ31 ms. We then performed a high-frequency (333 Hz, 3 ms) following test. These results verify that we were recording from RVLM-PVN neurons.
As shown in Table 1 , among units classified as PVN-RVLM neurons, 84% (21/25) of these neurons were activated by ARN stimulation (ARN input to PVN neurons). In addition, almost all the PVN neurons that responded to ARN stimulation were also sensitive to baroreflex activation (95%) induced by intravenous injection PE or SNP and to the CSAR induced by epicardial application of Cap (100%). An example of an antidromically identified single unit in PVN responding to stimulation of the ARN and baroreflex activation is shown in Fig. 2, A and B . The same neuron also responded to the CSAR. The CSAR was induced by epicardial application of BK or Cap (Fig. 3) We also found that 16% (4/25) of PVN-RVLM neurons were not activated by ARN stimulation (non-ARN input neurons). Figure 4 shows one example of a PVN-RVLM neuron that was not sensitive to ARN stimulation and baroreflex activation. Interestingly, the baseline discharge rate in PVN-RVLM neurons activated by ARN stimulation was significantly higher than PVN-RVLM neurons that could not be activated by ARN stimulation. The axonal conduction velocity of PVN-RVLM neurons activated by ARN stimulation was significantly faster compared with PVN neurons that were not activated by ARN stimulation (Table 1) three percent of these neurons that responded to ARN were sensitive to baroreflex activation but not to the CSAR. The majority of the neurons that did not respond to ARN stimulation (27/35) were also not very responsive to baroreflex activation (27%; 4/15) and were not sensitive to the CSAR (0/5). No differences were observed in the baseline discharge rate between the two groups. Figure 5 
shows one example of a neuron that was not evoked by RVLM antidromic stimulation yet was activated by ARN stimulation and was also sensitive to baroreflex activation.
A subset of PVN neurons that responded to ARN stimulation (n ϭ 5) could all be activated by NMDA, and these responses were attenuated by the glutamate receptor blocker AP5 (Fig. 6 ). In addition, the responses of PVN neurons (n ϭ 3) to ARN stimulation were blocked during iontophoretic application of AP5 (Fig. 7) . Figure 8 shows a schematic distribution of recorded neurons within the PVN.
DISCUSSION
This study provides direct electrophysiological evidence to indicate that afferent information originating from the kidney contributes to activation of preautonomic neurons within the PVN. This conclusion is based on the observation that electrical stimulation of ARN increases the discharge rate of PVN neurons that projected directly to the RVLM. Furthermore, selective activation of baroreceptors or cardiac chemoreceptors also influenced the activity of the majority of these RVLM-
Fig. 2. Peristimulus histogram of spike occurrence triggered by electrical stimulation of the afferent renal nerve (ARN) with 50 sweeps at 20 Hz (A) and 200 Hz (B). Segments of original recordings in a single PVN-RVLM neuron of changes in discharge after intravenous injection of phenylephrine (PE) to increase mean arterial pressure (AP;
C) or sodium nitroprusside (SNP) to lower mean arterial pressure (D). (BK; B) , respectively. (4, 15, 17, 23) . It is well known that baseline sympathetic outflow mediated by the RVLM is mainly dependent on spontaneous activity of preautonomic neurons (16, 18) .
Fig. 3. Original recordings of blood pressure, neuronal activity, and discharge rate (spikes/s) from an identified PVN-RVLM neuron in response to capcaicin (Cap; A) or bradykinin
PVN neurons. Taken together, these data suggest that there is a prompt and direct interaction of renal afferent input with baroreceptor and cardiac chemoreceptors at the level of the PVN to dictate overall sympathetic tone. The PVN is an important integrative (32) site in the regulation of sympathetic outflow and cardiovascular function, particularly via its projections to principal centers of sympathetic drive, the RVLM and the intermediolateral cell column (IML) of the spinal cord
Previous studies have demonstrated that PVN axons have terminal sites closely associated with spinally projecting RVLM neurons, many of which are likely to terminate on sympathetic preganglionic neurons (43, 44). Recently, Chen and Toney (10) demonstrated that the activity of both PVN-RVLM and PVN-RVLM/IML neurons is temporally correlated with RSNA and may contribute to basal sympathetic nerve activity. Electrical stimulation of ARN elicits an increase in arterial blood pressure and heart rate (51). The hypertensive response is presumably due to the activation of the sympathetic nervous system leading to peripheral vasoconstriction (51). Therefore, the present data provide electrophysiological evidence indicating that afferent information originating from renal receptors contributes to neural mechanisms selectively controlling sympathetic nerve activity. A previous study demonstrated that ARN stimulation excites magnocellular neurosecretory neurons in PVN antidromically identified to project to the neurohypophsis and suggest that this renal-paraventricular reflex loop may contribute to the elevated arterial pressure and vasopressin release during conditions when ARN are activated (11). We also observed that part of the nonantidromically identified neurons responded to the stimulation of the ARN. It is possible that this population of PVN neurons represent the projection to the neurohypophysis to influence the AVP release observed previously (8).
In ARN stimulation (6, 22) . Furthermore, neurons in these areas have been shown to relay cardiovascular afferent information directly to the PVN (13,  14) . Taken together, the longer mean onset latency of response in PVN-RVLM neurons to ARN stimulation is probably due to both the difference in conduction velocities as well as the polysynaptic pathway from the ARN to the preautonomic neurons within the PVN.
the present study we found that the mean onset latency of response in PVN-RVLM neurons to ARN stimulation was comparable to that reported in cats (9) and rats (19) with a fairly wide range of values. Furthermore, the onset latency of PVN-RVLM neurons to low-frequency ARN stimulation was longer compared with high-frequency ARN stimulation. One possible explanation for these observations is the differences in conduction velocities of the different afferent fibers. This evidence is provided by studies in the cat showing that ARN contain a mixture of slow-conducting fibers comprised of both unmylinated and thinly myelinated and fast-conducting small mylinated fibers (27). The renal afferent A fibers were elicited by stimulation with trains of pulses at low voltage and high frequency, and the renal afferent C fibers were stimulated by trains of pulses at high voltage and low frequency (5, 22). It is thought that mechanoreceptor information is carried by the mylinated fibers and the chemoreceptor information is transmitted by the unmylinated fibers (5, 11). Alternatively, the long variable latency of the responses suggests that ARN input to the PVN-RVLM neurons may be due to ARN information being transmitted possibly via a polysynaptic pathway. The precise pathway by which ARN information is relayed to the PVN neurons is not entirely clear. A probable path may involve the nucleus tractus solitarius and the ventrolateral medulla, since single units in these areas have been shown to alter their rate of firing in response to
The excitatory influence from renal afferents may represent an enhancement of tonic input from the kidneys or perhaps an activation of quiescent renal afferents in response to a variety of stimuli, including alterations in renal arterial pressure, ischemia, renal venous occlusion, ureteral occlusion, compression of the kidney, and changes in the ionic composition of the pelvic urine, since these maneuvers have been shown to produce alterations in renal afferent nerve activity (45, 46). However, this study did not identify the specific modality of the input from the kidney, only to suggest that both mechanore- ceptor afferent and chemoreceptor afferent information from the kidney is directly relayed to preautonomic neurons within the PVN. Several lines of evidence indicate that there is a possible interaction between the baroreceptor input and the renal afferent input at the level of the hypothalamus (12) . Evidence in support of an interaction between renal afferents and baroreceptor afferents is provided by the studies showing that renal afferent fibers project to hypothalamic sites known to influence neurohormonal control of the circulation and fluid balance (12) . In addition, a majority of single units in the hypothalamus that respond to stimulation of ARN also respond to electrical stimulation of arterial baroreceptor afferent fibers (6). Therefore, it is conceivable that activation of ARN may affect neuronal mechanisms within the hypothalamus, specifically within the PVN that, in turn, may be involved in modulating the neurohormonal control of the circulation. It has also been shown that there is interaction between the excitatory influences from the renal afferents and inhibitory input from the baroreceptors in terms of the noradrenergic activity within the hypothalamus (39). Furthermore, it has been shown that removal of renal nerves prevents the acute neurogenic hypertension (26), characterized by increased sympathetic outflow, induced by aortic depressor transection (38); that is, removal of baroreceptor input. These results demonstrate that removal of renal afferents resulted in a reduction in sympathetic activation initiated by removal of baroreceptor-mediated inhibition (26) . The results in the present study are consistent with these observations and further provide direct electrophysiological evidence to indicate that afferent input from the kidney activates the same preautonomic neurons within the PVN that are influenced by baroreceptor input. These data, taken together, suggest that there is direct interaction between the baroreceptor input and renal afferent input at the level of the preautonomic neurons within the PVN to dictate overall sympathetic outflow. In disease conditions such as hypertension and heart failure, known to have altered baroreceptor function, it is conceivable that renal afferent input may play an important and critical role in the initiation of enhanced sympathetic outflow and, therefore, is more amenable to therapeutic approaches, such as catheter-based therapeutic renal denervation, which is shown to be effective (29 -31, 49) .
It is well known that the CSAR is a sympatho-excitatory reflex, which can be initiated by increases in cardiac pressure and volume as well as various substances such as adenosine, BK, and hydrogen peroxide released in the myocardium in the state of myocardial ischemia or chronic heart failure (21, 35) . Recent studies indicate that catheter-based therapeutic renal denervation may improve cardiac function in chronic heart failure conditions, possibly by a reduction in renal afferent input that causes attenuation in sympatho-excitation (49). Thus it is crucially important to understand the details of the underlying mechanism/s involved in the renal denervation-mediated decrease in arterial pressure. In the present study almost all the PVN neurons (95%) that were responsive to ARN stimulation were sensitive to baroreflex activation induced by increasing arterial pressure with PE. Interestingly, we observed that in a subset of all of PVN neurons responsive to ARN stimulation (n ϭ 5), 100% of these neurons were also sensitive to CSAR induced by epicardial application of Cap. Furthermore, the majority of the PVN neurons that do not respond to ARN stimulation were also not sensitive to the baroreflex and CSAR. These results imply that neurons within the PVN that are sensitive to ARN are also influenced by baroreflex stimulation and the CSAR. It is well known that the kidneys communicate with integral structures in the central nervous system via the renal sensory afferent nerves (25) . Intrarenal stimuli or pathology, such as ischemia or hypoxia, results in an increase in renal afferent nerve activity (54, 55). Renal sensory afferent nerve activity directly influences sympathetic outflow to the kidneys and other organs such as the heart and peripheral blood vessels, which are also modulated by the PVN (20) . Thus renal denervation is likely to be valuable in the treatment of several clinical conditions such as hypertension and chronic heart failure characterized by increased overall and particularly renal sympathetic nerve activity.
Previous studies have indicated that NMDA NR1 receptor mRNA expression and protein in the PVN are significantly increased in chronic heart failure, which may contribute to the elevated sympatho-excitation during chronic heart failure (32). As shown in the present study, NMDA activated all of ARN inputs to PVN neurons, and these responses were attenuated during iontophoretic application of the glutamate receptor blocker AP5. Thus it is possible that the upregulation of the NMDA receptor and the subsequent increase in glutamate activity within the PVN may be contributing to the altered compensatory responses in disease states such as hypertension and chronic heart failure. However, this remains to be investigated.
In summary, these experiments demonstrate that sensory information originating in the kidney excites preautonomic neurons in PVN and suggest that this renal-PVN afferent pathway may contribute to elevated sympathetic nerve activity. Furthermore, this afferent renal input integrates with both baroreflex and CSAR input at a single neuron level within the PVN to dictate activity of preautonomic neurons in the PVN. It is thus conceivable that an enhanced afferent renal input in disease conditions such as hypertension and heart failure may be critically involved in interacting with altered baroreflex and CSAR to produce elevated sympathetic nerve activity commonly observed in these states.
